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Abstract
Fault-tolerant quantum operation is a key requirement for the development of quantum com-
puting. This has been realized in various solid-state systems including isotopically purified silicon
which provides a nuclear spin free environment for the qubits, but not in industry standard natural
(unpurified) silicon. Here we demonstrate an addressable fault-tolerant qubit using a natural silicon
double quantum dot with a micromagnet optimally designed for fast spin control. This optimized
design allows us to achieve the optimum Rabi oscillation quality factor Q = 140 at a Rabi frequency
of 10 MHz in the frequency range two orders of magnitude higher than that achieved in previous
studies. This leads to a qubit fidelity of 99.6 %, which is the highest reported for natural silicon
qubits and comparable to that obtained in isotopically purified silicon quantum-dot-based qubits.
This result can inspire contributions from the industrial and quantum computing communities.
Since the proposal of spin qubits using electrons confined in quantum dots1, a great deal of
effort has been made to implement quantum-dot-based spin qubits in a variety of semiconductors
such as group III-V2–7 or natural silicon8–10. However, the quantum gate fidelities in these qubits
are limited mainly due to the short coherence time (T ∗2 < 0.1 µs2,6,7 for III-V semiconductors and
T ∗2 < 1 µs for natural silicon8–10) caused by the nuclear spin magnetic field fluctuations. To obtain
a qubit fidelity higher than the quantum error correction threshold for fault-tolerant quantum
computing11,12, a straightforward approach is to prolong the qubit decay time TRabi2 or shorten
the pi rotation time Tpi to increase the qubit Rabi oscillation quality factor Q = T
Rabi
2 /Tpi since
it determines the upper bound of the qubit fidelity. The first approach has been implemented in
an isotopically purified silicon qubit with a long coherence time (T ∗2 ∼ 120 µs and TRabi2 ∼ 380
µs with 0.08 % residual 29Si nuclear spins13), while leaving the spin control time (Tpi = 1.6 µs
13)
much slower than the other quantum-dot-based spin qubits (Tpi ∼ 0.005 µs7,14).
For the realization of fault-tolerant qubits in more common materials such as natural silicon,
one important issue that must be resolved is the slow spin control time13,15. The key parameter
to realize the fast spin control is a large (effective) oscillating magnetic field to drive the spin reso-
nance, while keeping the applied microwave power small enough to suppress unwanted effects such
as photon-assisted tunneling3,7 or heating. However, because silicon does not have any strong spin
driving mechanisms such as spin-orbit interaction7,16, an on-chip coplanar stripline is commonly
used as a method to generate an oscillating magnetic field13,15 despite being unsuitable for gener-
ating a large magnetic field. Alternatively, a micromagnet technique17 can be used to implement
a material-independent artificial strong spin-orbit coupling14 resulting in a much stronger effective
2
magnetic field. Therefore the micromagnet technique may help to increase the quality factor for
natural silicon quantum dot qubits comparable to that in isotopically purified silicon but in a much
high Rabi frequency range. Recently, the technique has been applied to a silicon single quantum
dot10 and an improvement of the Rabi frequency (fRabi) by an order of magnitude was achieved,
although the device structure was not appropriately optimized for fast and addressable control.
Here we report an addressable fault-tolerant qubit using a natural silicon double quantum dot
with a micromagnet optimally designed for fast spin control. From the microwave spectroscopy,
the resonance frequency difference of about 800 MHz is obtained for the two electron spins confined
in each quantum dot. This result shows the good addressability of our qubits since the obtained
frequency difference is about two orders of magnitude larger than our fast Rabi frequency and
the crosstalk error is as small as 0.02 % for our typical Rabi frequency of 10 MHz. Next, the
qubit dephasing time T ∗2 is measured by Ramsey interference. It shows a standard Gaussian
decay with T ∗2 of about 2 µs caused by the nuclear spin fluctuations. The two-axis single-qubit
control is confirmed by the observation of the shift of Ramsey fringe by the microwave burst phase
modulation. To operate the qubit much faster than its decay rate or to maximize the Rabi oscilla-
tion quality factor, the microwave amplitude (AMW) dependence of fRabi and T
Rabi
2 is measured.
The optimized AMW corresponds to fRabi ∼ 10 MHz, which is about two orders of magnitude
faster than the reported value for an isotopically purified silicon quantum dot13, owing to the
effectiveness of the magnetic field generation by our optimized micromagnet. Finally, Clifford-
based randomized benchmarking is performed to determine the qubit fidelity. At the optimized
AMW, an average single-qubit fidelity of 99.6 % is obtained. The qubit fidelity is reduced for the
condition with shorter Tpi and smaller Q, which indicates that it is limited by heating at large AMW.
Results
Quantum dot characterization. Our double quantum dot in silicon is formed by depleting
a two-dimensional electron gas in an undoped natural Si/SiGe heterostructure by lithographically
defined electrostatic gates (Fig. 1A). A 250 nm thick cobalt micromagnet is placed on top of the
device to induce a stray magnetic field around the quantum dot. To achieve the fast and addressable
control of single-electron spins using electric dipole spin resonance (EDSR), the micromagnet is
designed to maximize the slanting magnetic field, dBMMy /dz, and the local Zeeman field difference
between the two dots14, ∆Bz = |BMM,Rz − BMM,Lz |, where BMM,R(L) denotes the stray magnetic
field at the right (left) dot position. This micromagnet enables a slanting field several times
larger compared to previous works10 (the micromagnet simulation is provided in Supplementary
3
Section 1). A nearby sensor quantum dot coupled to a radio frequency tank circuit allows rapid
measurement of the double quantum dot charge configuration18. The sample is cooled down using
a dilution refrigerator to a base electron temperature of 120 mK estimated from the line width
of the dot transport. An in-plane external magnetic field Bext is applied using a superconducting
magnet. The double quantum dot is tuned to the (1,1) charge state where each dot hosts only one
electron (Fig. 1C). Single-shot measurement of the spin state is performed using energy selective
readout technique19 (Supplementary Fig. S1A).
Qubit spectroscopy and Rabi oscillation. Figure 1B shows the pulse sequence for the
spin control. First, the spin-down state is initialized by applying gate voltages such that only the
ground spin-down state can tunnel into the dot. Next, the gate voltages are pulsed so that the
electrons confined in the dot are pushed deep in Coulomb blockade. Then, a microwave burst with
a frequency of fMW is applied to the gate C to induce EDSR. Finally the gate voltages are pulsed
back to the spin readout position where only a spin-up electron can tunnel out to the reservoir.
An additional emptying (or compensation) stage is used to keep the DC offset of the pulse to zero.
When the microwave burst is applied to the gate, the wave function of electrons confined in the
dot oscillates spatially in the slanting magnetic field induced by the micromagnet, resulting in an
effective oscillating magnetic field BAC perpendicular to the static magnetic field B0 = Bext+B
MM
z .
At the condition where hfMW = gµB0, EDSR takes place. The resonance conditions are different
for each dot by an amount proportional to ∆Bz, and therefore, the resonances of each dot can be
addressed independently.
Figure 1D shows the spin-up probabilities for both right (PR↑ , red signal) and left (P
L
↑ , blue
signal) dot as a function of Bext and fMW. For this measurement, a rectangular microwave burst
with a fixed duration of tp = 3 µs is applied. There are two clear resonance lines corresponding
to each dot, which are separated by ∆Bz ∼ 30 mT or 800 MHz consistent with our micromagnet
simulation (Supplementary Fig. S1C.). The observed 800 MHz splitting is approximately two
orders of magnitude larger than the value obtained for the spin-orbit mediated Stark shift of g∗-
factor in a silicon quantum dot spin qubit without a micromagnet13. For multiple qubit systems,
it is crucial to have such a large frequency splitting to operate the qubit independently without
crosstalk since the effect of the driving field decays with (fRabi)
2/((∆f)2 + (fRabi)
2), where ∆f =
f
R(L)
res − fMW is the frequency detuning from the centre resonance frequency and fRabi is the Rabi
frequency. For our typical fRabi of 10 MHz, the 800 MHz splitting yields a crosstalk operation
of the idle qubit with an amplitude as small as 0.02 % of the operated qubit. For the following
measurements, we mainly focus on the left quantum dot as the sensitivity of our charge sensor is
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significantly higher due to the design of our device. However, the right quantum dot shows similar
results, as detailed in the Supplementary Section 2.
The coherent evolution of the spin state is measured by changing the microwave duration at the
resonance frequency (Fig. 1E). The red triangles show the experimental data and the black solid
line shows a fit with an exponentially damped sinusoidal function with a Rabi oscillation decay
time TRabi2 (details on the fitting procedure are provided in Supplementary Section 3). Note that
the TRabi2 of a strongly driven qubit is different from the standard T
∗
2 time measured from Ramsey
interference since the influence of nuclear spin fluctuations is suppressed by the Rabi driving field14.
When fMW is detuned from the resonance frequency, the qubit rotates around a tilted axis in the
Bloch sphere. This results in faster rotation at detuned fMW and the chevron pattern shown in
Fig. 1F.
Qubit coherence measurement. Next, characterisation of the qubit coherence time is per-
formed using a Ramsey interference technique (Fig. 2A). First the spin is initialized in the down
state. Then, a pi/2 pulse is applied to rotate the spin to the equator of the Bloch sphere where
it accumulates a phase error for the wait time tw. Finally the spin state is rotated by the second
pi/2 pulse to project the phase error to the z-axis. Figure 2B shows a Ramsey measurement result
which shows well-defined Ramsey fringes. From the decrease of the Ramsey fringe amplitude as
a function of tw, the value of the dephasing time T
∗
2 can be obtained (Fig. 2C). The red trian-
gles show measured data and the black solid line is a fit with a Gaussian decay function. The
obtained T ∗2 for both dots are roughly 2 µs (the right dot measurement data is provided in Sup-
plementary Section 1) and this is the longest value observed in isotopically natural silicon spin
qubit systems8–10, despite the fact that the large slanting magnetic field can make the spin state
more sensitive to charge noise20? . Two-axis control in the Bloch sphere is required for arbitrary
spin-qubit control. This is demonstrated by modulating the phase ϕ of the second microwave burst
in the Ramsey measurement. The observed shift of the Ramsey fringe in Fig. 2D corresponds to
the change of rotation angle of the second pi/2 rotation.
Microwave power dependence. To improve the qubit fidelity by suppressing the influence
of dephasing, it is straightforward to maximize the Rabi oscillation quality factor Q = TRabi2 /Tpi
by applying a larger microwave excitation to decrease the pi rotation time Tpi. However, it has
been reported that too large a microwave excitation can cause a significant dephasing due to
photon-assisted tunnelling4,14,21, therefore it is important to characterize the microwave amplitude
(AMW) dependence of the Rabi oscillation. As AMW is increased, the oscillation period becomes
shorter, however, the signal is damped more rapidly (Fig. 3A). By fitting the data of the damped
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oscillations with exponentially decaying functions (see Supplementary Section 3 for the details),
fRabi and T
Rabi
2 are extracted as a function of AMW (Fig. 3B). fRabi increases with AMW linearly
when AMW is smaller than about 0.3, but finally shows a saturation
14. The obtained maximum
fRabi is about 35 MHz, showing an improvement of one or two orders of magnitude from previous
experiments10,13.
TRabi2 shows a significant decrease when AMW becomes larger. Here the photon assisted tun-
nelling mechanism may be ruled out since the decrease of TRabi2 does not depend strongly on the
depth of Coulomb blockade or the operation point (Supplementary Fig. S5). Alternatively, heating
due to the microwave burst, which causes the reduction of T2 rather than T
∗
2 , can be a dominant
source of the observed decay as previously observed in a singlet-triplet qubit22. Figure 3D shows
the quality factor Q of the Rabi oscillations as a function of AMW. From this data, the optimal
working point for the qubit operation is estimated to be AMW ∼ 0.2 where fRabi ∼ 10 MHz and
Q ∼ 140 are obtained. The obtained maximum Q is in the same range as the one in an isotopi-
cally purified silicon quantum dot with two orders of magnitude slower fRabi and two orders of
magnitude longer TRabi2
13.
Qubit fidelity measurement by randomized benchmarking. Finally, the single-qubit
control fidelity is characterized via randomized benchmarking23 using the measurement sequence
shown in Fig. 4A. The reference sequence includes m random Clifford gates and one recovery
Clifford gate chosen such that the ideal final spin state becomes an eigenstate of σz. The inter-
leaving sequence24 is used to determine the fidelity of each single-step Clifford gate Ctest. The
pulse envelope is shaped to a Gaussian (truncated at ±2σ) to minimize its spectral width for
suppressing pulse errors25. An interval of 6 ns between gate operations is used to avoid pulse
overlap. Fig 4B shows the reference randomized benchmarking measurement to determine the
averaged Clifford gate fidelity. By fitting the reference measurement with an exponentially decay-
ing curve F (m) = A(2Fc − 1)m, where A is the visibility and Fc is the Clifford gate fidelity per
step which corresponds to 1.875 single Clifford gates (the details are provided in Supplementary
Section 5). At the optimized AMW to maximize Q (the red point in the inset of Fig. 4B), we
obtain F singlec = 99.6 % which is above the threshold for fault-tolerant quantum computing12 and
comparable to the value reported in an isotopically purified silicon quantum dot13. Note F singlec is
decreased for a large AMW or shorter Tpi (the blue point in the inset of Fig. 4B), indicating Q is
a good indicator to optimize AMW and F
single
c . Fig 4C shows interleaving measurements for the
single-step Gaussian Clifford gates. As expected from the microwave heating, it is found that the
fidelities for pi/2 gates are higher than those of pi gates. This result is consistent with our qubit
6
decay time limiting mechanism, the microwave effect.
Discussion
The Si/SiGe double quantum dot used in this work contains an optimized micromagnet that
enables Rabi frequencies nearly two orders of magnitude faster than the reported values in previ-
ous works without causing too much decoherence caused by unwanted photon-assisted tunneling
or heating effects at high microwave amplitudes. From the microwave amplitude dependence mea-
surement, we find the optimum working point to maximize the Rabi oscillation quality factor Q.
The maximum Q of 140 is obtained at fRabi = 10 MHz, which is much faster than the qubit decay
rate (1/TRabi2 ∼ 140 kHz). Together with the large qubit resonance frequency difference due to
the large micromagnet inhomogeneous field (∆fres ∼ 800 MHz), we can implement fault-tolerant,
fast and addressable single-spin qubit operations even without the use of rare isotopically puri-
fied silicon. This may facilitate the realization of a large scale quantum processor using existing
industry standard silicon nano-fabrication techniques. Our micromagnet technique can also be
applied to isotopically purified silicon to further enhance the Rabi oscillation quality factor Q and
the qubit fidelity. We also note that it is possible to realize further enhancements by several triv-
ial optimizations with natural silicon devices (e.g. decreasing the distance between the dot and
the micromagnet14 or changing the gate geometry to increase the microwave gate lever arm) to
increase the effective AC magnetic field strength and fRabi. Although the effect of charge noise
induced dephasing is not clearly observed in this work, it is important to balance the effect of the
Rabi frequency enhancement and the dephasing caused by the charge noise to maximize Q and the
resulting qubit fidelity.
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FIG. 1. Device structure and EDSR measurement result. A, False color scanning electron micro-
graph of the device. The orange boxes represent ohmic contacts that are grounded during the measurements
except for the one connected to the resonance circuit. Three of the gate electrodes (R, L and C) are connected
to impedance matched high-frequency lines with cryogenic bias-tees. B, Schematic of the pulse sequence used
for the EDSR measurement. The pulse sequence consists of 4 stages of initialization, control, readout and
emptying. C, Charge stability diagram in the vicinity of the (1,1) charge configuration. MR, IR (ML, IL) de-
note the measurement and initialization points for the right(left) quantum dot. O denotes the operation point
which is common for both right and left quantum dots. D, Measurement of the EDSR signal as a function
of fMW and Bext. The blue line corresponds to the left dot resonance condition hfMW = gµ(Bext +B
MM,L
z )
and the red line corresponds to the right dot resonance condition hfMW = gµ(Bext + B
MM,R
z ). E, Rabi
oscillation with TRabi2 ∼ 8 µs and fRabi ∼ 9 MHz measured at Bext = 0.505T and fMW = 15.6055 GHz. The
red triangles show measurement data and the black solid line shows the fitting with an exponentially damped
sine curve, PL↑ (tp) = A exp (−tp/TRabi2 ) sin (2pifRabitp + φ) +B with A, B and TRabi2 as fitting parameters.
F, Measurement result of detuned Rabi oscillations which shows a typical chevron pattern.
10
AC
 P↑L0.1 0.9
0.2
0.1
0
t w
 (μ
s)
15.6215.59
fMW (GHz)
360
180
0
φ
 (d
eg
re
e )
15.61515.600
 P↑L0.1 0.9
fMW (GHz)
I,Q
Xπ/2
tw
φπ/2
x
z
y
x
z
y
x
z
y
B
D
tw (μs)
T2*=1.84±0.03 μs
0.9
0.8
0.7
0.6
0.5
R
am
se
y 
fri
ng
e 
en
ve
lo
pe
1086420
φ=0°
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I. SAMPLE STRUCTURE AND MICRO-MAGNET SIMULATION
The layer sequence of the device is shown in Fig. S1A. The undoped Si/SiGe heterostructure
used in this study is grown by chemical vapour deposition. First a 3 µm thick graded buffer is
grown on a highly-resistive Si substrate by linearly increasing the Ge content from 0 % to 30 %,
and then a 1 µm thick Si0.7Ge0.3 buffer is grown. Next, a 15 nm thick Si quantum well, a 60 nm
thick undoped Si0.7Ge0.3 spacer, and a 2 nm thick Si cap are successively grown on the buffer.
The resulting two-dimensional electron gas has a typical electron density of 5.0 × 1011 cm−2 and
a mobility of 1.8 × 105 cm2/Vs at an accumulation gate voltage of 1.5 V and a bath temperature
of T = 2.3 K.
The surface of the heterostructure is covered by a 10 nm thick Al2O3 insulator formed by
atomic layer deposition. The ohmic contacts are fabricated by Phosphorous ion implantation. The
quantum dot confinement gates and the accumulation gate are formed by electron-beam lithography
and metal deposition. The accumulation gate and depletion gate electrodes are separated from
each other by another 50 nm thick Al2O3 insulator layer. A 250 nm thick cobalt micromagnet is
deposited on top of the accumulation gate to induce a stray magnetic field around the quantum
dot. The distance between the micromagnet and the Si quantum well is 162 nm.
The micromagnet design is adopted from our previous GaAs double quantum dot device1 (Fig.
S1B). The design is optimized to obtain the large slanting field and the local Zeeman field difference
to maximize spin rotation speed and to minimize the single-qubit operation crosstalk errors. The
micromagnet magnetic field simulation is performed by using the method2 as in Refs.1,3. According
to the calculation, the slanting magnetic field is dBMM,Ry /dz = 0.8 T/µm for the right quantum
dot and dBMM,Ly /dz = 0.75 T/µm for the left quantum dot and the local Zeeman field difference
is |BMM,Rz − BMM,Lz | = 29 mT. The local Zeeman field difference is roughly consistent with our
observation (see Fig. 1D in the main text). On the other hand, estimating the slanting field from
the experimental data is difficult, since fRabi is affected by many parameters such as the microwave
gate lever arm for the dot position, the electric field direction at the dot position etc., which are
difficult to measure experimentally.
The valley splitting is confirmed to be larger than the Zeeman splitting by magneto-spectroscopy
measurement. Therefore the physics in this work is mainly described by a conventional single-valley
picture, although there may be a small fraction of the population in the excited valley state due
to the initialization error.
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II. MEASUREMENT SETUP
The sample is cooled down using a dilution refrigerator to a base electron temperature of 120
mK which is estimated from the transport line-width. The gates R, L and C are connected to
high-frequency coaxial lines for application of the gate voltage pulse and the microwave burst. The
high-frequency lines are attenuated inside the dilution refrigerator to dissipate the Johnson-Nyquist
and technical noises from the room-temperature electronics (−33 dB for gates R and L, −13 dB
for gate C). The voltage pulse to the gate electrodes is generated by a Sony/Tektronix AWG520
arbitrary waveform generator, and applied via cryogenic bias-tees with a cut-off frequency of ∼ 50
Hz. The microwave signal is applied to the gate C using an Agilent E8267D vector microwave
signal generator. The output power is fixed at +16 dBm except for the randomized benchmarking
measurement which requires fine tuning of the microwave amplitude AMW to keep Tpi = 50 ns.
The baseband signal for I/Q modulation is generated by another Sony/Tektronix AWG520 which is
synchronized with the one used for the gate voltage pulse generation. The microwave signal is single
side-band modulated from the local oscillator frequency by applying 80 MHz cosine/sine waveforms
to the I/Q ports of the vector signal generator. The unwanted spurious signals are suppressed by
applying proper frequency dependent corrections for DC offset, quadrature amplitude and phase.
Rapid measurement of the charge state is performed by rf-reflectometry of a sensor quantum
dot coupled to an impedance matched resonant circuit which consists of a commercial 1.2 µH SMD
inductor and a parasitic capacitance. The resonant circuit operates at its resonance frequency of
206.7 MHz. The reflected signal is amplified by a cryogenic amplifier (Caltech CITLF1) mounted
at the 4 K stage of the dilution refrigerator and further amplified and demodulated by room
temperature electronics. After the filtering (cutoff frequency of 300 (30) kHz for the left (right)
dot), the signal is digitized using an Alazartech ATS9440 digitizer at a sampling rate of 5 MS/s.
Figure S2 shows a typical charge sensor response for the single-shot spin detection. When a spin
up state is measured, the charge sensor signal first increases as it tunnels out to reservoir before
decreasing to its initial value when a down spin tunnels back into the dot. To obtain the up spin
probability P
R(L)
↑ , the measurement sequence is repeated for 250 to 1000 times per one data point.
III. RIGHT DOT MEASUREMENT DATA
Figure S3A shows the measurement result of Rabi oscillations for the right quantum dot. Since
the right dot is far from the charge sensor quantum dot placed at the left side of the device, the
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sensitivity of the sensor is smaller than for the left dot. This causes the reduced readout visibility
since a reduced measurement measurement bandwidth (30 kHz) has to be used to keep large enough
signal to noise ratio. In this case, some of the fast tunneling events are not measured. The visibility
could be enhanced by retuning the gate voltages to reduce the right dot tunnel rate slower than
the measurement bandwidth.
Figure S3B shows the Ramsey measurement data. The fit shows a Gaussian decay curve with
an exponent of 2. The measured T ∗2 of 2.2 µs is comparable to that of the left dot electron spin.
IV. DISCUSSIONS ON THE MICROWAVE POWER DEPENDENCE
Dephasing of an electron spin in nuclear spin bath is usually dominated by slow fluctuation of
nuclear spin magnetic field. Under the Rabi driving field hfRabi, the Hamiltonian in the rotating
frame of fMW can be written as follows,
H = (hfRabi)σx + (h∆f)σz, (1)
where ∆f = fMW − fres is frequency detuning. Although the nuclear spin bath can fluctuate ∆f ,
the effect of the fluctuation can be strongly suppressed by the Rabi driving term hfRabiσx.
From the Ramsey data of the left quantum dot, the standard deviation of the nuclear field
σ = 1/(
√
2piT ∗2 ) = 122 kHz is derived. This is more than an order magnitude smaller as compared
to the typical Rabi driving used for our measurements (> MHz). The simulation of the nuclear
spin effect for a Rabi driving with fRabi = 9 MHz is performed using the following equation,
P↑(tp) = A+B
5σ∑
∆f=−5σ
gσ(∆f)
(fRabi)
2
(fRabi)2 + (∆f)2
sin(2pi
√
(fRabi)2 + (∆f)2tp), (2)
where gσ(∆f) is a Gaussian distribution with standard deviation of σ and A, B are constants
that account for the readout and initialization fidelities. A step of δ(∆f) = 10σ/2000 is used for
the summation to average 2,001 nuclear spin distributions. The simulation result is shown in Fig.
S3a. As expected, since σ is much smaller than the Rabi driving, no notable decay is observed
in the simulated curve, although a clear decay is observed in the measurement data. To fit the
data, although the underlying mechanism of the decay is unknown, we empirically find that an
exponential decay with an exponent 1 fits better than the Gaussian decay with an exponent of 2.
The fitting to the experimental data is performed using the following procedure,
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1. We fit the raw data with exponential function to obtain initial guesses of TRabi2 and fRabi.
P↑(tp) = A exp
(
− tp
TRabi2
)
sin (2pifRabitp + φ) +B. (3)
2. We apply a finite impulse response (FIR) high-pass filter with a cutoff frequency of fRabi/2
and a passband frequency of fRabi to the raw experimental data for AMW ≥ 0.3 in order to remove
the gradual background change.
3. We fit the FIR filtered data with an exponential function to obtain experimental TRabi2 and
fRabi
The use of the FIR filter is essential to obtain good fitting curves. Note that it does not change
the damped oscillation term in the unfiltered raw data since the spectrum of the damped oscillations
is centred at f = fRabi and has a typical width of 1/T
Rabi
2 < fRabi. The gradual background change
is presumably due to the small electron temperature increase during the readout stage.
From the fitting of the data in Fig. 3C in the main text, we notice the empirical dependence
of TRabi2 ∝ (AMW)−4 (Fig. S3C). If the system temperature T is determined by the microwave
heating, the temperature should be proportional to the microwave power (AMW)
2. Then the
relation TRabi2 ∝ T −2 between the Rabi decay time and the temperature can be obtained. This is
consistent with the observation by Dial et al.4 where the relation T echo2 ∝ T −2 is observed for a
singlet-triplet qubit.
As mentioned in the main text, the photon-assisted tunneling can be another dephasing mech-
anism. In a double quantum dot connected to reservoirs, there are two types of photon-assisted
processes. One is the inter-dot photon-assisted tunneling. Since this tunneling process occurs only
when the inter-dot energy detuning is the microwave frequency, this process can easily be ruled
out by the outcome of the spectroscopy measurement (Fig. 1D in the main text). Indeed, such a
strong frequency dependent signal is not observed in the measurement data. The other photon-
assisted tunneling causes the electron exchange between the dot and the reservoir. To exclude this
possibility, the measurement to confirm the effect of the coupling to the reservoir is performed
(Fig. S5). The Rabi decay time measurement is performed for two different operation points with
two different Coulomb blockade depths (about 400 or 200 µeV away from the (1,1)-(0,1) charge
transition). Due to the slight quantum dot displacement due to the operation point change, the
centre resonance frequency of EDSR shifts accordingly. Since the microwave transmission is slightly
different for the two different centre resonance frequencies, TRabi2 is plotted as a function of fRabi
to account for this change. The measurement result shows basically the same characteristics for
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the two different operation points, therefore it is unlikely the coupling to the reservoir causes the
Rabi decay time decrease measured in this work.
V. RANDOMIZED BENCHMARKING
Each data point in Fig. 4 of the main text is obtained from 12,800 single-shot measurements
(800 points per one sequence). The last recovery Clifford gate ensures that the ideal final state to
be an eigenstate of σz which is up or down spin state. In this measurement, the gates I, ±X, ±Y,
±X/2 and ±Y/2 are used as primitive Clifford gates since these can be implemented by single-
step Gaussian microwave bursts. The decomposition of the total 24 single-qubit Clifford gates by
these primitive gates results in the average number of primitive gates per one decomposed Clifford
gate of 1.8755,6. The single Clifford gate fidelity F singlec refers to the average gate fidelity per one
primitive Clifford gate while the Clifford gate fidelity Fc refers to the average gate fidelity per one
decomposed Clifford gate. From the measurement data of the reference sequence, the exponential
decay curve F (m) = A(pc)
m and the Clifford gate fidelity Fc = (1 + pc)/2 can be obtained. Then
the single Clifford gate fidelity F singlec is calculated using the following equation,
F singlec =
1 + psinglec
2
∼ 1− 1− Fc
1.875
, (4)
where psinglec = (pc)
1
1.875 represents the decrease of the sequence fidelity per single primitive Clifford
gate.
To characterize each of the primitive Clifford gate fidelities, the interleaved randomized
benchmarking7 is used. In this measurement, similar exponential decay curves F (m) = A(pgate)
m
are obtained and the fidelities for each interleaved gate Fgate are calculated from the following
equation,
Fgate =
1 + (pgate/pc)
2
, (5)
where the effect of the randomizing sequence is taken into account by the factor of 1/pc.
1 Yoneda, J. et al. Fast Electrical Control of Single Electron Spins in Quantum Dots with Vanishing
Influence from Nuclear Spins. Physical Review Letters 113, 267601 (2014).
2 We used MATHEMATICA RADIA package available at; http://www.esrf.fr/.
3 Yoneda, J. et al. Robust micromagnet design for fast electrical manipulations of single spins in quantum
dots. Applied Physics Express 8 (2015).
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4 Dial, O. E. et al. Charge Noise Spectroscopy Using Coherent Exchange Oscillations in a Singlet-Triplet
Qubit. Physical Review Letters 110, 146804 (2013).
5 Muhonen, J. T. et al. Quantifying the quantum gate fidelity of single-atom spin qubits in silicon by
randomized benchmarking. Journal of physics. Condensed matter : an Institute of Physics journal 27,
154205 (2015).
6 Magesan, E., Gambetta, J. M. & Emerson, J. Characterizing quantum gates via randomized benchmark-
ing. Physical Review A 85, 042311 (2012).
7 Magesan, E. et al. Efficient Measurement of Quantum Gate Error by Interleaved Randomized Bench-
marking. Physical Review Letters 109, 080505 (2012).
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FIG. S1. Micromagnet design and simulation. A, Schematic layer sequence of the device structure.
The external magnetic field is applied along the positive z-direction. B, Schematic of the micromagnet
design. The grey area shows the micromagnet pattern and the quantum dot locations are represented by
the blue boxes separated by 0.1 µm. C, Simulated slanting magnetic field dBMM,Ry /dz (red curve) and local
Zeeman field BMMz (blue curve) as a function of lateral the dot position x. The left dot position is x = −0.05
µm and the right dot position is x = 0.05 µm.
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FIG. S2. Single-shot spin readout using energy selective readout technique. The pulse sequence
in Fig 2A without the microwave burst is used for this measurement. The blue trace corresponds to the
case of spin-down state readout and the red trace corresponds to the spin-up state. When a spin-up state is
measured, the charge sensor signal first increases as the electron tunnels out to reservoir before decreasing
to its initial value when another spin-down electron tunnels back into the dot.
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FIG. S3. Rabi oscillation and Ramsey measurements of the right quantum dot. A, Measurement
result of Rabi oscillation of the right dot spin state measured at Bext = 0.512 T. B, Ramsey measurement
result of the right dot spin qubit. The red points show the measurement data and the black solid line shows
a Gaussian fitting curve. The obtained 2.2 µs phase coherence time is comparable to that (1.84 µs) in the
left quantum dot.
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FIG. S4. Fitting of Rabi oscillation data. A, Comparison of the measured Rabi oscillation and the
model calculation with a Gaussian nuclear field fluctuation. The red solid line shows a experimental data
with fRabi = 9 MHz (the data in Fig. 2c in the main text). The black solid line is a numerical calculation
result using the parameters σ = 122 kHz and fRabi = 9 MHz. B, Fitting of the damped oscillation at
AMW = 0.55. The black solid line shows a exponential envelope ±A exp (−tp/TRabi2 ) +B and the grey solid
line shows a Gaussian envelope ±A exp (−(tp/TRabi2 )2) + B. C, Microwave amplitude dependence of the
Rabi oscillation decay time. The red triangles show the data and the black dotted line shows fitting with a
function TRabi2 = α(AMW)
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FIG. S5. Rabi decay measurement for two different operation points. The operation point 1(2)
(O1(O2) in the inset charge stability diagram) is about 400(200) µeV away from the (1,1)-(0,1) charge
transition line. The two data sets basically showing almost the same characteristic, therefore the effect of
the coupling to the reservoir is small for the enhanced dephasing at high microwave amplitudes.
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